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Abstract     
Southern California is located in a semi-arid climate with finite natural supplies of water. 
Precipitation in the area generally occurs in the fall and winter months. Consequently, the region 
relies on imported water originating primarily from snowpack in northern areas of California and 
surrounding states including 1) the San-Joaquin River and Tulare Lake basins, 2) the Sacramento 
River basin, 3) Owens Valley and Mono Lake basins and 4) the Colorado River basin. This study 
provides an integrated approach to understanding and assessing climate change impacts on the 
hydrologic cycle for all water supplies to Southern California. A 10-member ensemble of 
coupled global climate models is dynamically downscaled forcing one regional and one 
hydrological model resulting in a high-resolution 4.17-km output for the region. Greenhouse gas 
concentrations are prescribed according to the IPCC Representative Concentration Pathway 8.5 
using the present-day period of 1966-2005 as a baseline with a future period of 2011-2050. On 
the annual timescale, increases in precipitation and evaporation are projected throughout the 
majority of the study area with the exception of the Owens Valley and Mono Lake basins. As a 
result, only a minor runoff reduction in the California Sierra Nevada and a minor increase in the 
Colorado River basin are simulated. Although these changes in annual runoff are minimal, the 
interannual variability of runoff also increases across all basins indicating a higher probability of 
extreme wet or dry years and fewer average years. Furthermore, increased temperatures result in 
significant reductions in snow water equivalent along with earlier shifts in snowmelt timing. 
Precipitation that falls is less likely to fall as snow, decreasing snowpack and natural storage. On 
one hand, the escalating likelihood of runoff occurring earlier in the year poses a significant 
flood control risk to the region requiring the release of water from reservoirs to prevent flooding. 
On the other hand, the increased likelihood of drought necessitates additional multiyear storage 
solutions for Southern Californian water resources. 
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1.0  Introduction     
Southern California lacks sufficient local sources of water to meet current demand. The 
region has developed a reliance on imported water originating from snowpack in northern areas 
of California and surrounding states. The Western United States (WUS) has been experiencing 
alterations in its hydrologic cycle through a reduction in snowfall and earlier snowmelt, both of 
which are likely due to climate change. As greenhouse gas (GHG) concentrations continue to 
rise, so will surface temperatures. Consequently, demand is expected to rise in Southern 
California and imported supply reliability will decrease. The potential climate change impacts on 
the primary sources of water supply to Southern California have been examined. The primary 
sources include 1) imported water, 2) groundwater, 3) recycled water and 4) conservation. 
Recycled water and conservation programs are sustainable local supplies that are likely to 
increase over the next century. However, changes in the availability of imported supplies 
coupled with population growth and climate variability may leave the region in a severe 
shortage. 
Utilizing a comprehensive set of high-resolution climate and hydrological models the 
following questions have been addressed: 
1. Will climate change substantially modify the hydrologic cycle in the Western United 
States primarily through reductions in snowfall and earlier snowmelt? 
2. Will climate change severely influence imported water supplies to an extent that could 
leave Southern California in extended shortage conditions? 
3. Do current strategic plans for increased recycled water and conservation programs 
overestimate future water availability by not including changes in water availability 
resulting from climate change? 
Previous studies have examined climate change impacts on individual imported supply 
basins. This study integrates all imported sources along with local supplies to give a 
comprehensive overview of potential climate change impacts to water supply in Southern 
California. Basins evaluated in this study include 1) the Colorado River basin (CRB), 2) 
Sacramento River Basin (SRB), 3) San Joaquin River-Tulare Lake Basin (SJR-TLB), 4) Mono 
Lake and Owens Valley (ML-OV) and 5) South Coast hydrologic region (Figure 1).   
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Figure 1: Study regions including 1) Sacramento River Basin, 2) San Joaquin River Basin, 3) Tulare Lake 
Basin, 4) Mono Lake and Owens Valley, 5) South Coast hydrologic region and 6) Colorado River Basin. Base 
map generated using ESRI ArcGIS. 
1.1  Background    
In the Western United States, approximately 75% of water discharge comes from spring 
snowmelt and is primarily controlled by precipitation and temperature (Cayan, 1996). Due to the 
arid climate of the Southwest, specifically Southern California with its large population, there is 
not enough naturally occurring water to meet demands without importing water from other 
regions.  Between 60% and 70% of the Southern California water supply and approximately 85% 
of Los Angeles water supply originate outside of the basin (Freeman, 2008; LADWP, 2010).  
These imported supplies originate from the San Joaquin River and Tulare Lake basin, 
1 
2
3 
4 
5 
6 
   11  
Sacramento River basin, Owens Valley and Mono basin, and Colorado River basin, and are 
transported to Los Angeles via the California Aqueduct (State Water Project), Los Angeles 
Aqueduct (LAA), and the Colorado River Aqueduct, respectively (Figure 2). Several artificial 
reservoirs associated with this elaborate water resource system provide the much-needed storage 
for summer months and drought years. 
  
Figure 2: Breakdown of supplies by basins and associated aqueducts. Map used with permission from MWD. 
During the past century, 1°-2° C of warming has been observed over the WUS. Up to 60% of 
current hydrology trends including warming temperatures and decreases in the snow water 
equivalent to precipitation ratio in the WUS can be attributed to anthropogenic activities (Barnett 
et al., 2008). Recent projections of climate change due to increases in anthropogenic greenhouse 
gases suggest the WUS and Southwest are particularly vulnerable (IPCC 2007; Christensen and 
Lettenmaier, 2007; Diffenbaugh et al., 2005, Rauscher et al., 2008).  Temperatures are projected 
to rise by 3° to 5° C by the end of the century in the WUS, which is greater than the global 
average. These temperature increases have the potential to shift snowmelt and snowmelt-driven 
runoff up to two months earlier over much of the Western United States (Rauscher et al., 2008) 
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including the San Joaquin- Sacramento River basin (He et al., 2013).  Many reservoirs in the 
Western United States maintain relativity low water levels in winter for flood control purposes. 
Early snowmelt coupled with a larger fraction of winter precipitation falling as rain pose 
conflicts from a flood control, water supply, and hydropower perspective. These consequences of 
climate change are very likely to directly impact water supply availability for Southern 
California.  
Few California water agencies have accounted for climate change in long term planning 
policies despite previous studies indicating a very real threat to water security. California water 
agencies with over 3,000 customers or demand greater than 3,000 acre-ft. are required by the 
Department of Water Resources (DWR) to submit Urban Water Management Plans (UWMPs) 
every five years. In 2010, climate change was an optional section to include. While the 2015 
plans have not yet been released, DWR is still not requiring agencies to address climate change. 
A recent study sampled 49 of the 2010 UWMPs and found only 40% of agencies identified how 
climate change could impact their water supply and service area (Conrad, 2013). Larger agencies 
such as the Los Angeles Department of Water and Power (LADWP) were more likely to address 
climate change and have their own climate change study completed outside of the UWMP. 
Smaller agencies like the Long Beach Water Department referred readers to the Metropolitan 
Water District of Southern California’s Regional UWMP, which evaluated climate change 
impacts on imported supplies. LBWD did not anticipate any consequences on local sources of 
supply, including groundwater and recycled water (LBWD UWMP, 2010).  
Previous studies have emphasized end of the century outcomes, which are too distant and 
possess too much uncertainty for water managers. In an effort to bridge the gap between climate 
change research and water policy management, this study provides a practical overview of 
potential impacts utilizing the latest projections out to 2050 for the Southern Coast hydrologic 
region of California specifically the Metropolitan Water District of Southern California’s 
(MWD) 26 member agencies. MWD’s service area coincides well with the South Coast 
hydrologic region and MWD serves 86% of the population in the area (Figure 3) (MWD IWRP, 
2010).  
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Figure 3: MWD service area map, which covers nearly the entire South Coast hydrologic zone (MWD IWRP, 
2010). Used with permission from MWD. 
1.1.1  Colorado  River  Basin  
The 630,000 km2 Colorado River Basin provides water to over 30 million people across 
Wyoming, Utah, Colorado, New Mexico, Arizona, Nevada, California and Mexico (Christensen 
et al., 2004; Ficklin, Stewart and Maurer, 2013). Approximately 70-80% of the water from the 
CRB is used for agricultural lands, both within the basin and exported to other regions of the 
WUS (USBR, 2011). The 1922 Colorado River Compact divided the basin into two sections: 
upper and lower. Each section was apportioned 7.5 million acre-ft (MAF). The Boulder Canyon 
Project Act of 1928 and the Upper Colorado River Basin Compact of 1948 divided the 7.5 MAF 
from both the upper and lower regions to state specific allotments. It was not until 1944 with the 
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installment of the Mexican Water Treaty that 1.5 MAF of the CRB’s water was promised to 
Mexico. The early 20th century was a particularly wet period in the CRB. Average annual flows 
were approximately 16.1 MAF in the 1920’s when the compact was first signed. Therefore, 
calculations used to determine allocation amounts across the region in the aforementioned 
compacts and treaty were skewed (USGS, 2004). Since the mid 19th century, the CRB has 
experienced much drier periods more typical for the semi-arid and arid WUS-Mexico region 
with annual flows reaching as low as 3.8 MAF in 2002 (USGS, 2004) 
The Colorado River Aqueduct serves to alter the natural water cycle for the area. 
Snowfall in the winter months accumulates until the spring when warmer temperatures melt the 
snow. The snowmelt is captured by the large reservoir systems of Lake Powell and Lake Mead 
until summer months when the water is redistributed. The state of California has an allotment of 
4.4 MAF surplus CRB water every year. Agricultural entities possess the first three priority 
rights totaling 3.85 MAF. MWD, the primary wholesaler of water to the Southern California 
coastal hydrologic region, holds the fourth and fifth priority rights at 0.55 MAF and 0.662 MAF. 
MWD is also entitled to 0.18 MAF of any surplus originating from the first three priority right 
holders (MWD RUWMP, 2010). Arizona and Nevada’s increasing populations have resulted in 
lower water availability for California. If population and demands continue to increase, MWD 
could be left with just the 0.55 MAF fourth priority right water. 
On the Colorado River, reservoir levels are projected to diminish up to 30% by 2050 
(Barnett et al., 2004). Storage is expected to decline up to 40% by 2100 (Christensen et al., 
2004), reducing water available for the Southwest. Minimal changes in precipitation are 
anticipated by 2040; however studies have shown the potential for both increases and decreases 
(Christensen et al., 2007). Any potential increase in precipitation can potentially be offset by 
greater rates of evaporation due to warmer temperatures, resulting in decreased streamflow. Total 
system demand in such a scenario would exceed reservoir inflows for the CRB (Christensen et 
al., 2004).  Incorporating population growth estimates would further increase the system demand. 
These changes have the potential to adversely affect already scarce water supplies for Southern 
California.  
1.1.2  Sacramento,  San  Joaquin  and  Tulare  Lake  Basins  
The San Joaquin River Basin including the Tulare Lake Basin covers 82,000 km2 of 
central California while the Sacramento River Basin extends from central to northern California 
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at 71,000 km2 (USGS, 2014). Combined, the basins provide over 80 percent of the runoff in 
California supporting 25 million people and the $36 billion dollar agricultural industry (Gleick 
and Chalecki, 1999; Cloern et al., 2011). In 1960, the California Water Resources Development 
Bond Act passed providing 1.75 billion dollars to construct the State Water Project (SWP). 
Water flows from both basins into the Bay Delta where it is then pumped more than 700 miles to 
central and southern areas of the state through the California aqueduct (SWP) and Central Valley 
Project (CVP).  California policy makers have grappled with numerous issues surrounding the 
Bay Delta and SWP stemming from limited water resources and the challenge of dividing these 
limited sources between urban, agricultural and environmental users. The Bay Delta is the largest 
estuary in the Western United States making it a critical ecosystem (Kibel, 2011). Endangered 
species such as the delta smelt can become entrapped in the SWP pumps at the Bay Delta. In 
order to protect these species, water pumping at the Bay Delta can be reduced or completely 
halted. The MWD is one of the beneficiaries of the SWP at 1.9 MAF; however this allocation is 
highly variable. During the 2014 drought, MWD received just 5% of their SWP allocation water 
due to pumping restrictions.  
Between 30-40 km3 of rain and snowfall in the Cascades, Northern Sierras and Southern 
Sierras ends in the SWP system (Knowles and Cayan, 2002). Snowpack accumulated from 
December to March delays 40% of the water delivered past April 1st, resulting in a system 
heavily reliant on snowfall timing and reservoirs (Roos, 1989). This reliance causes a high 
vulnerability to climate changes that may impact the hydrologic cycle. Previous studies on the 
SJTLB and SRB have shown large uncertainties regarding precipitation changes over the basins. 
The potential impact on runoff ranges from reductions of annual flow to the Bay-Delta by 41% 
to increases by 16% (He et al., 2013). By 2060, April snowpack is projected to be just 66% of 
baseline normal conditions (Knowles and Cayan, 2002).  
1.1.3  Los  Angeles  Aqueduct:  Owens  Valley  and  Mono  Lake  Basin  
 The Los Angeles Aqueduct was constructed in 1913 with the purpose of providing water 
to the growing city of Los Angeles. Initially obtaining water from the Owens River, a second 
aqueduct was completed in 1970 that extended the aqueduct to Mono Lake (LADWP, 2013). 
Due to excessive pumping of the Owens River, the Owens Lake is now considered a dry lakebed 
posing a health risk to locals as dust particles can cause respiratory problems. Mitigation due to 
human and environmental health concerns has resulted in LADWP being required to provide 
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0.04 MAF of water per year for dust control (LADWP, 2013). Environmental degradation from 
the LAA was not limited to Owens Valley. Mono Lake’s unique tufa formations serve as nesting 
sites for migratory birds. Once LADWP began exporting water the lake’s elevation dropped from 
the historical average of 6,417 feet above sea level to 6,372 feet (MLC, 2015). Air and water 
quality issues ensued with increased exposure of the lakebed. Furthermore, predators were more 
easily able to access the nesting migratory birds as water levels declined. As a result the Mono 
Lake Committee was formed (MLC) which fought alongside entities like the Sierra Club and the 
Audubon Society to halt LADWP diversions. After 20 years of challenges, the State Water 
Resources Control Board of California released decision 1631 (D1631) which restricted 
LADWP’s ability to export based on the water level of Mono Lake further reducing water supply 
to Los Angeles (LA). From 2006-2010, the city of Los Angeles obtained 36% of its water supply 
from the LAA, equivalent to 0.22 MAF (LADWP, 2010).  
Previous studies have examined the impacts of climate change on the Mono and Owens 
Valley basins on a global climate model resolution (Costa-Cabral et al., 2012; Ficklin, Stewart 
and Maurer, 2013). By the end of the 21st century, temperatures are predicted to increase from 2-
5°C while changes in precipitation are highly variable, ranging from -24 to 56% (Costa-Cabral et 
al., 2012). In addition to the LAA, which serves only the city of LA, LA is the largest user of 
MWD water and possesses the most preferential rights to MWD water. Therefore, if LAA water 
supply greatly decreases, LA would have to increase purchases from MWD, which could leave 
the entire Southern California region in shortage conditions. 
1.2  Hypothesis     
Climate change is expected to negatively alter the hydrologic cycle in the Western United 
States in such a way that Southern California water supply availability would decrease. 
Historically, precipitation in the WUS primarily occurs in the winter months when it is cold 
enough to fall as snow and create snowpack. Water is naturally stored as snowpack until the 
spring and summer months when temperatures and water demands begin to increase. Snow 
begins to slowly melt, filling major reservoirs before being transported via aqueducts to water 
scarce regions. Billions if not trillions of dollars have been spent constructing large reservoirs 
and aqueduct systems in California to accommodate and alter this hydrological cycle. However, 
as GHG concentrations continue to rise, global surface temperatures will also increase. This can 
impact the WUS hydrologic cycle by two fundamental processes: 1) more precipitation falling as 
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rain and 2) less precipitation falling as snow (Figure 4). 
 
  
Figure 4: Flow chart of hypothesis for climate change impacts on the hydrological cycles in the WUS. 
Warmer temperatures driven by increasing GHG concentrations will change the ratio of rain and snowfall 
resulting in adverse impacts on water supply availability. 
Any decrease in snowfall results in an overall decrease in snowpack in the WUS. Snow 
with a high albedo has a strong ability to reflect incoming solar radiation. If less snowpack is 
present, more groundcover will be exposed, lowering average albedo and causing insolation to 
become trapped in Earth’s atmosphere. The trapping of this radiation further increases surface 
temperatures, driving a positive feedback loop that exacerbates the rate of snow melting. Earlier 
snowmelt coupled with a higher percentage of precipitation falling as rain can pose a flood 
control risk for the WUS. In order to prevent flooding, water would have to be released from 
reservoirs earlier in the year when water demand is low, leaving less water available for summer 
and fall months.  
2.0  Methodology 
Climate change experiments using global climate models (GCMs) are typically 
performed at a spatial resolution of 344 km2.  While this resolution is sufficient for global and 
continental scale assessments of climate change, it is not sufficient to resolve the complex 
topography required to accurately simulate finer scale processes in the WUS, such as those 
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related to snowfall and snowmelt.  For example, Mount Whitney and Death Valley, the highest 
and lowest points in the contiguous US are often represented in the same model grid point due to 
their close proximity (approximately 150 km).  GCMs in this case would provide an average 
climate representation of the region, but little information could be provided about the individual 
locations.  As a result, Regional Climate Models (RCMs) are often employed to dynamically 
downscale GCM projections to a higher resolution (typically 15 to 50 km2). Such models are 
used to enhance GCM output by using the GCM for lateral boundary forcing. Lastly, important 
hydrological processes, such as snowmelt and riverflow, from climate models including GCMs 
and RCMs are typically not simulated at the level required to assess water resources.  To account 
for these deficiencies, the enhanced output from a RCM can be used to drive a hydrological 
model (HM).  
For this study, ten coupled atmosphere-ocean global climate models are used as the 
driving forcing for the Regional Climate Model system (RegCM4) at 18-km2 to form an 
ensemble of simulations (Table 1). RegCM4 is the fourth RCM produced by the RegCM system 
first generated in the 1980s and features numerous updates and additions of physical 
parameterizations. Just as its predecessors, RegCM4 is open source and is commonly utilized for 
climate change projection studies (Giorgi et al., 2012). The output from the GCM simulations is 
part of the Coupled Model Intercomparison Project Phase 5 (CMIP5), which was used for the 
latest Intergovernmental Panel on Climate Change (IPCC) report (IPCC, 2013). GHG 
concentrations for the present day period (1966-2005) are specified by observations. Future 
period’s (2011-2050) GHGs are specified by the IPCC’s Representative Concentration Pathway 
(RCP) 8.5. RCP 8.5 projects CO2 concentrations (the primary GHG) to reach approximately 540 
ppmv by 2050. RCP 8.5 is a business as usual scenario where mankind continues to rely on fossil 
fuels as the dominant source of energy. While RCP 8.5 GHG concentrations are considered to be 
relatively high, there is little difference between other RCP scenario concentrations in the early 
and mid 21st century. For example, RCP 2.6 represents a mitigation scenario where CO2 
concentrations taper off by the end of the century. CO2 concentrations for RCP 2.6 are 
approximately 440 ppmv by 2050. The subsequent global temperature increases as a result of 
RCP 2.6 and 8.5’s rising CO2 levels are 1.75 °C and 2.2 °C respectively. The less than half 
degree difference supports the validity of utilizing RCP 8.5 for this study. The output from each 
ensemble member is corrected for bias and used to drive the Variable Infiltration Capacity (VIC) 
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hydrologic model at 4.17 km2, the highest resolution to date for dynamically downscaling GCMs 
(Figure 5). VIC is a land surface hydrological model assimilated into GCMs to obtain more 
accurate information regarding hydrologic variables including runoff, evaporation and 
precipitation (Liang et al., 2004). All model processing was completed at Oak Ridge National 
Laboratory using Titan, currently the second fastest computer in the world.  
  
Figure 5: Actual topography map of 4.17 km2 output over the Western United States underscoring the high-
resolution quality of results from this study. The Sierra Nevada mountain range is clearly detailed which is 
not feasible at a GCM resolution. 
Table 1: Global climate models utilized in this study. 
Model Modeling Group, Country Resolution  
(lat x lon) 
ACCESS1-0 Center for Australian Weather and Climate Research, Australia 1.24° x 1.88° 
BCC-CSM1-1 Beijing Climate Center and China Meteorological Administration, China 2.81° x 2.81°   
CCSM4 National Center for Atmospheric Research (NCAR), United States of America 0.94° x 1.25° 
CMCC-CM Euro-Mediterranean Center for Climate Change, Italy 2.0° x 2.0° 
FGOALS-g2 State Key Laboratory of Numerical Modeling for Atmospheric Sciences and 
Geophysical Fluid Dynamics, Institute of Atmospheric Physics, China 
2.8° x 2.8° 
IPSL-CM5A-
LR 
Institute Pierre Simon Laplace, France 1.89° x 3.75° 
MIROC5 Atmosphere and Ocean Research Institute (The University of Tokyo), National 
Institute for Environmental Studies, and Japan Agency for Marine-Earth Science 
and Technology, Japan 
1.41° x 1.41° 
MPI-ESM-MR Max Planck Institute for Meteorology, Germany 1.88° x 1.88° 
MRI-CGCM3 Meteorological Research Institute, Japan 1.13° x 1.13° 
NorESM1-M UNI Bjerknes Center for Climate Research, University of Bergen, Center for 
Intern Climate and Environmental Research, The Norwegian Meteorological 
1.88° x 2.5° 
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Institute, University of Oslo, Norwegian Computing Center, Norwegian Institute 
for Air Research and the Norwegian Polar Institute, Norway 
Data was compiled over a 480 by 336 latitude-longitude grid of the WUS. Parameters 
evaluated to determine any potential hydrological changes included precipitation, evaporation, 
baseflow, runoff, snow water equivalent (SWE), soil moisture, temperature and albedo. All 
variable post-processing was completed at Loyola Marymount University using Matlab, Climate 
Data Operators (CDO) and the Environmental Systems Research Institute’s Geographic 
Information System software (ESRI ArcGIS). 
The Student t-test developed by William Gosset evaluates whether or not two sample 
populations are equal or different from each other (Gosset 1909). The null hypothesis states that 
the two population means are equal while the alternative hypothesis indicates the means are not 
equal: 
𝐻!:  𝜇! = 𝜇! 
𝐻!:  𝜇! ≠ 𝜇! 
If the two samples have equal variances, the test statistic (T) is defined as: 
𝑇 =
𝑋! − 𝑋!
𝑆!
1
𝑛!
+ 1𝑛!
 
Where X1 and X2 represent the two sample populations, n1 and n2 represent sample sizes and Sp 
represents the pooled standard deviation defined as: 
𝑆! =
𝑛! − 1 𝑆!! + (𝑛! − 1)𝑆!!
𝑛! + 𝑛! − 2
 
The degrees of freedom for equal variances: 
𝑑𝑓 = 𝑛! + 𝑛! − 2 
If the two samples have unequal variances, T and the degrees of freedom become: 
𝑇 =
𝑋! − 𝑋!
𝑆!!
𝑛!
+ 𝑆!
!
𝑛!
 
𝑑𝑓 =
(𝑠!
!
𝑛!
− 𝑠!
!
𝑛!
)!
(𝑆!
!
𝑛!
)
𝑛! − 1
!
+
(𝑆!
!
𝑛!
)
𝑛! − 1
! 
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 A level of significance must be chosen (typically 95% α=0.05 ) and degrees of freedom 
determined in order to calculate the critical value t*. If the absolute value of T is greater than t* 
than the null hypothesis is rejected. On the other hand if absolute T is less than t* than the 
alternative hypothesis is rejected. For this study, two-sample unpaired two-tailed Student t-tests 
are used to examine statistical significance across all parameters.  The baseline and RCP 8.5 
samples used for comparison include each annual average across all ten models for all 39 years 
for both time periods (baseline n1=390, RCP 8.5 n2 =390). Each variable is tested for equal 
variances and significance value of α=0.05 is utilized.  
The Mann-Kendall statistical test (MK test) is used to identify any trends in the data 
specifically runoff timing (Mann 1945;Kendall 1955). Commonly used for hydrologic 
applications, the MK test is non-parametric and evaluates data sets for upward or downward 
trends. The null hypothesis represents no trend present while the alternative indicated a trend is 
present: 
𝐻! = 𝑁𝑜  𝑚𝑜𝑛𝑜𝑡𝑜𝑛𝑖𝑐  𝑡𝑟𝑒𝑛𝑑 
𝐻! = 𝑀𝑜𝑛𝑜𝑡𝑜𝑛𝑖𝑐  𝑡𝑟𝑒𝑛𝑑  𝑖𝑠  𝑝𝑟𝑒𝑠𝑒𝑛𝑡 
The first step for the MK test is to list data in chronological order. Then for n(n-1)/2 times (n 
being population size) calculate xj – xk (x being a data point) when j>k.  A 1, 0 or -1 is then 
assigned to each data point in accordance to the sign of  xj – xk . For xj – xk greater than zero 
assign a positive one, for xj – xk less than zero assign a negative one and for xj – xk equivalent to 
zero assign a zero. Total the number of positive ones and subtract the total number of negative 
ones to obtain S. A positive S indicates an increasing trend over time, while negative S denotes a 
decreasing trend. Next, the variance is calculated by: 
𝑉𝐴𝑅 𝑆 =
1
18 [𝑛 𝑛 − 1 2𝑛 + 5 − 𝑡!(𝑡! − 1)(2𝑡! + 5)]
!
!!!
 
Where tp is the number of observations for the pth cluster, and g is the amount of tied groups. The 
test statistic Zmk is calculated as following: 
=
𝑆 − 1
𝑉𝐴𝑅 𝑆
  𝑖𝑓  𝑆 > 0  
= 0  𝑖𝑓  𝑆 = 0 
=
𝑆 + 1
𝑉𝐴𝑅 𝑆
  𝑖𝑓  𝑆 < 0  
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 The null hypothesis is rejected if the absolute value of Zmk is less than the test statistic and 
accepted if greater than. Similar to the S results, a positive Zmk indicates an increasing trend 
while negative a decreasing trend (Mann, 1945; Kendall 1975). For this study a significance 
value of α=0.05 is used to determine any underlying shifts in snowmelt and runoff timing. The 
two periods were treated as if no time gap existed and the data was a straight 78-year run rather 
than two 39-year scenarios with a six-year gap.  
3.0  Results  and  Discussion:  Imported  Supplies  
 Results are broken down into two categories: imported and local sources of water supply. 
Primary hydrological variables which influence imported supplies are evaluated comparing 
baseline (1966-2005) to projected RCP 8.5 (2011-2050) potential changes. The impacts on 
Southern California water supply resulting from possible alterations to each variable are 
discussed. Sources of local water supply considered include conservation, groundwater, and 
recycled water using the same hydrological changes and potential policy changes in the future.  
Alterations to aforementioned hydrologic parameters are evaluated over the entire WUS 
study region and each imported supply basin on an annual and monthly basis. The primary focus 
is temperature change impacts on the water balance equation, which is defined as: 
Precipitation – Evaporation – Runoff = Change in SWE + Change in Soil Moisture  
P-ET-Q= ΔSWE + ΔSM 
Outflows (evaporation and runoff) subtracted from the inflow (precipitation) should equate to 
any changes in storage. Storage as defined in this study is SWE and soil moisture. Frequencies of 
extreme precipitation events are evaluated. Shifts in annual and monthly snowmelt driven runoff 
amounts are assessed. Annual average changes in temperature, precipitation, evaporation and 
runoff are given in Table 2 and Appendix A.  
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Table 2: Summary of annual average temperature, precipitation, evaporation, and runoff differences across 
all ten models comparing baseline (1966-2005) and RCP 8.5 (2011-2050) scenarios. Percent and degree 
changes in RCP 8.5 are relative to baseline. 
Basin Period Temp (°C) Precipitation 
(mm/yr) 
Evaporation 
(mm/yr) 
Runoff  
(mm/yr) 
Runoff 
Ratio (%) 
CRB Baseline 12.6 348.3 309.0 37.7 11.0 
RCP 8.5 13.9 (9.9%) 358.3  
(2.9%) 
315.7  
(2.2%) 
40.7  
(7.7%) 
11.3  
(3.3%) 
LAA Baseline 9.8 320.2 201.4 115.4 35.4 
RCP 8.5 11.1 
(13.1%) 
328.0 
(2.4%) 
199.1 
(-1.2%) 
124.1 
(7.6%) 
37.8 
(6.6%) 
SRB Baseline 12.4 959.5 597.3 355.4 37.2 
RCP 8.5 13.8 
(11.2%) 
972.7 
(1.4%) 
612.3 
(2.5%) 
334.1 
(-6.0%) 
34.3 
(-8.0%) 
SJR-TLB 
 
Baseline 14.1 548.9 377.6 169.8 31.0 
RCP 8.5 15.5 
(9.74%) 
555.8 
(1.3%) 
386.8 
(2.4%) 
161.4 
(-5.0%) 
28.9 
(-6.8%) 
3.1.1  Temperature  and  Albedo  
 Daily maximum and minimum surface temperatures are derived from the ensemble of 
simulations at each grid point. The average between the maximum and minimum datasets are 
calculated to represent average daily surface temperatures. A comparison of potential changes in 
temperatures is achieved by subtracting RCP 8.5’s averaged ensemble daily surface temperatures 
from the baseline. Surface temperatures are projected to rise by 1-2°C under RCP 8.5 by 2050 
for each basin considered (Figure 6). Changes in temperatures are statistically significant at a 
95% confidence level for each grid point across the WUS using the two-sample two-tail 
Student’s t-test. Average daily albedo greatly decreases up to 18.5% for the majority of the 
WUS. Notably the major mountain ranges including the Sierra Nevada and Colorado 
experienced greater increases in temperatures than lower elevations. This is likely a result of a 
loss of snowpack lowering albedo and exacerbating changes in temperature (Figure 7). Albedo 
decreases most significantly during winter and spring months also indicating a loss of snowpack. 
Temperatures increase closer to 1°C along the Pacific coastline in contrast to the arid inland 
regions of Southeast California and Southwest Arizona which project slightly higher temperature 
changes of 1.5°C. Coastal cities typically experience a lower range of temperature variations as a 
result of their proximity to the ocean. Under RCP 8.5 the ocean continues to act as a buffer for 
the WUS coastline resulting in a lower magnitude of temperature increases. Across all basins, 
RCP 8.5 summer months from June through September exhibits the greatest change in 
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temperature from the baseline compared to other months in the year (Figure 8).  
 
 
Figure 6: Ensemble average projected changes in average daily surface temperatures (°C) from baseline 
(1966-2005) to RCP 8.5 (2011-2050).  Temperatures over the WUS increase by approximately 1-2°C. 
  
Figure 7: Same as Figure 6 but for albedo (%).  
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Figure 8: Change in ensemble average daily surface temperatures from baseline (1966-2005) to RCP 8.5 
(2011-2050). All basins exhibit greater temperature increases in the summer months. The SRB and SJR-TLB 
areas projected greater temperature changes during the winter months than CRB and LAA. 
3.1.2  Changes  in  Water  Balance  Inflows  and  Outflows  
 Increases in precipitation are projected throughout the study areas, with the exception of 
certain regions of the Sierra Nevada (Figure 9). For each model a two-sampled two-tailed 
Student’s t-test is used to compare baseline versus RCP 8.5 annual precipitation averages (Figure 
10). The CRB and a small fraction of the South Coast region exhibit statistical increases in 
precipitation. The majority of precipitation increases over the SRB and SJR-TLB occurs at lower 
elevations. Higher elevations in the Sierra Nevada experience no changes or slight decreases to 
precipitation. Consequently any additional precipitation is likely to fall as rain and not snow in 
warmer lower elevations. Among the ten models responses to precipitation on a basin level 
ranged from -5 to 21% for CRB, -6 to 17% for LAA, -9 to 11% for SRB and -8 to 15% for SJR-
TLB. This supports previous studies that have found varying precipitation changes for the first 
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half of the 21st century (Costa-Cabral et al., 2012; Christensen et al., 2007). Rising GHG 
concentrations force increasing temperatures, driving higher evaporation rates which cause more 
water available for precipitation. Latest GCM projections predict increases in precipitation in 
mid and high latitudes towards the end of the century (IPCC, 2013). 
  
Figure 9: Same as Figure 6 but for annual precipitation (mm).        
 
Figure 10: Areas over the WUS where precipitation statistically differs from baseline to RCP 8.5. Darkened 
red areas indicate statistical significance at α=0.05. 
Precipitation Change (m
m
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The Standardized Precipitation Index (SPI) is one method of determining whether or not 
a region is experiencing drought utilizing solely precipitation measurements. According to the 
National Drought Mitigation Center (NDMC), the SPI evaluates the cumulative probability of 
rainfall events over a given time interval. The probability is fit to a gamma distribution and 
transformed to a normal distribution. The NDMC defines the SPI indexes as follows: 
+2 and above: Extremely Wet 
+1.5 to +1.99: Very Wet 
+1.01 to +1.49: Moderately Wet 
-0.99 to +0.99: Near Normal 
-1.00 to -1.49: Moderately Dry 
-1.5 to -1.99: Very Dry 
-2 and below: Extremely Dry 
The SPI is calculated for a running 24-month period comparing baseline and RCP 8.5 periods for 
each basin and each model (Table 3, Figure 11). The number of very to extremely wet and dry 
periods increases across all basins except LAA under RCP 8.5. The CRB specifically saw a 
substantial increase in number of extreme wet running 24-month periods under RCP 8.5 
Table 3: Number of months where 24-month running precipitation SPI probability indicates either very to 
extremely wet or dry conditions as defined by the NDMC. For example, under the baseline scenario for the 
CRB there were 343 months where the preceding cumulative 24-month precipitation was significantly dry 
compared to all other running 24-month periods across the 78-year comparison across all models combined. 
Basin Period SPI> +1.5  SPI < -1.5  
CRB Baseline 192 343 
RCP 8.5 373 383 
LAA Baseline 281 335 
RCP 8.5 278 271 
SRB Baseline 318 288 
RCP 8.5 363 326 
SJR-TLB 
 
Baseline 278 289 
RCP 8.5 294 351 
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Figure 11: Running 24-month SPI results with blue lines indicating individual models and red lines depicting 
the average among models. 
CRB 
LAA 
SRB 
SJR-TLB 
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 Water managers rely on the California Department of Water Resources weekly eight 
station index (ESI) report. The ESI is a measurement of the average precipitation at eight 
weather stations situated in the SRB (Table 4). The graphs provide water managers a better 
understanding of the health of the basin, and together are one of the key elements in determining 
the annual SWP allocations. The ESI is replicated for every model and year for each scenario. 
No significant changes in average precipitation amounts across the ESI were observed (Figure 
12). Averaging precipitation amounts across forty years does not provide adequate information 
regarding annual patterns of precipitation. Therefore, annual precipitation from the ESI is logged 
to examine potential differences in frequencies of extreme wet and dry years. Under RCP 8.5, the 
region exhibited less years of average precipitation. Precipitation has a higher frequency of 
occurring in extremes above or below the baseline forty-year average, which is explored further 
in section 3.1.3 (Figure 13). 
Table 4: Locations of DWR’s eight weather stations used to calculate the ESI. 
Weather Station Name Latitude Longitude 
Mount Shasta 41.313 -122.316 
Shasta Dam 40.718 -122.42 
Mineral 40.35 -121.6 
Brush Creek 39.69 -121.34 
Quincy 39.935 -120.95 
Sierraville 39.583 -120.367 
Pacific House 38.765 -120.5 
Blue Canyon 39.283 -120.7 
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Figure 12: Replication of DWR's ESI for every model and every year for both scenarios. Thick lines indicate 
averages across all years and models.  
   
 
 
Figure 13: Comparison of the frequency and distribution of precipitation (in) for the ESI replication (baseline 
n=400; RCP 8.5 n=400).  
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Evaporation modestly increases across the study areas with the exception of the LAA 
basin. Evaporation changes between each model ranges from -5 to 18% for the CRB, -6 to 6% 
for LAA, -3 to 6% for SRB and -3 to 8% for SJR-TLB. The persistent increase of temperatures 
likely drives the increases in evaporation. Mountainous regions experience the greatest increases 
in evaporation due to the greater temperature increases (Figure 14). The California-Arizona 
border is one of the sole areas where precipitation and evaporation increase by a statistically 
significant amount. The greater quantity of precipitation available at this border provides a 
greater potential for evaporation (Figure 15). 
  
Figure 14: Same as Figure 6 but for annual evaporation (mm). 
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Figure 15: Same as Figure 10 but for evaporation (mm). 
Alterations to runoff quantity vary by basin. For both the SRB and SJR-TLB regions, 
evaporation increases by a statistically significant magnitude where precipitation did not, 
explaining the decreases in runoff. Conversely, in the CRB and LAA precipitation increases 
greater than changes in evaporation resulting in a slight increase in runoff (Figure 16).  
    
Figure 16: Same as Figure 6 but for annual runoff (mm). 
Runoff Change (m
m
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Substantial precipitation increases are projected from December to February and 
decreases slightly from early spring through July for all basins (Figure 17). The majority of 
evaporation increases manifest later in the water year when average daily surface temperatures 
began to rise. Overall runoff changes were minimal however there was an apparent shift in 
runoff timing. Runoff historically peaked around June for the CRB and LAA but shifted earlier 
in the year to May under RCP 8.5. Similarly, baseline peak flows for the SRB and SJR-TLB, 
which typically occurred in March, shifted to April. Past studies have calculated the Julian day of 
the water year where 50% of annual runoff occurred in order to determine shifts in runoff timing 
(McCabe and Clark, 2005). This center of mass date (CMD) is crucial in regions like the WUS 
which heavily rely on snowmelt for water supply. The CMD is calculated for both scenarios at 
each grid point (Figure 18). Runoff’s center of mass developed earlier for all basins with 
maximum changes of CRB -14.4 days, LAA -9.6 days, SR -12.6 day, and SJR-TLB -11.0 days.   
    
     
Figure 17: Average daily hydrologic fluxes (mm/day) depicting the change in water balance for precipitation, 
evaporation and runoff for baseline versus RCP 8.5 for all ten models. 
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Figure 18: Change in day of year when 50% of runoff has occurred. 
CRB 
LAA 
SRB SJR-TLB 
   35  
3.1.3  Runoff  Trends  
 
The MK test is run for each basin to identify any trends in the ensemble average runoff 
monthly data at a 95% confidence level. Months that exhibit changing trends have a calculated z-
value greater than 1.96 or less than -1.96. Runoff increases during the winter and early spring 
months across all basins (Figure 19). Only the CRB and LAA exhibit statistically significant 
increases from December to May. Runoff decreases across all basins during the summer months, 
but only statistically significant for the SRB and SJR-TLB. Although there were minimal 
changes in average annual runoff over the forty-year scenarios, the distribution of runoff among 
months drastically changes. The shift in runoff occurring earlier in the year may represent shifts 
in snowmelt timing as a result of increasing temperatures. A separate analysis of monthly flows 
at Lee’s Ferry in the CRB from 1906 to 2010 using the MK test revealed statistically significant 
decreases in flow from July to September and an increase in January (Figure 20). Lee’s Ferry is 
fed by runoff originating from the upper CRB. Data is used from the United States Bureau of 
Reclamation (USBR) and is considered to be unimpaired, accounting for the construction of the 
Glen Canyon Dam from 1956 to 1966. The observed trend of decreasing summer flows support a 
shift in snowmelt timing to earlier in the year.  
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Figure 19: MK test results for monthly runoff trends. Z-values greater than +/- 1.96 are statistically 
significant. CRB and LAA exhibit positive trends during the winter and spring months. Negative trends in 
the summer and fall are not statistically significant, resulting in a net increase in runoff for the basins. SRB 
and SJR-TLB exhibit significant decreases in the summer and early fall months also indicating a shift in 
snowmelt timing. An annual net decline in total annual runoff can be observed the SRB and SJR-TLB. 
CRB 
LAA 
SRB 
SJR-TLB 
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Figure 20: MK test results for monthly Lees Ferry flows. Data was obtained from the USBR and evaluated 
for 1906-2011. January exhibits a positive trend while all other statistically significant months are negative. 
As a result net runoff amounts on the upper CRB have been decreasing for the past century and timing of 
peak runoff shifting possibly driven by warmer temperatures.  
Total annual runoff decreases for SRB and SJR-TLB basins by an average of 0.31 MAF 
and 0.27 MAF yet increased for CRB and LAA by 1.8 MAF and 0.85 MAF, respectively. On 
any given baseline year runoff in the CRB could have increased or decreased by 5.4 MAF 
compared to the previous year. Under RCP 8.5, that irregularity increases to 7.6 MAF. 
Interannual runoff variability increases across all basins indicating a greater potential for extreme 
wet and dry years mimicking the precipitation response (Figure 21).  Warmer temperatures 
driven by increasing GHG concentrations not only increase evaporation rates but also increase 
the amount of water the atmosphere can hold (Trenberth, 1999). Greater moisture content can 
alter both the quantity and intensity of precipitation events. Increasing amounts of precipitation 
imply a higher frequency of years with above average runoff. Under climate change scenarios 
mid-latitudes like the WUS are projected to experience less frequent but higher intensity 
precipitation events (Hennessy, Gregory and Mitchell, 1997). The shift in precipitation 
   38  
occurrence can partially be explained by projected increases in specific humidity by increasing 
temperatures. The atmosphere is unable to cool at the same rate of increasing specific humidity 
levels and as a result latent heat is released causing more concentrated infrequently occurring 
precipitation events (Mitchell et al., 1987). Therefore even with increased annual precipitation 
amounts, the pattern as to how the rain events occur changes, which can lead to drier conditions. 
                 
Figure 21: Standard deviations of annual runoff (AF) between the last 20-years of each scenario. Each basin 
exhibits more interannual variability under RCP 8.5.  
3.1.4  Soil  Moisture  
 The climate change impact on soil moisture content varies by region. Soil moisture 
increases for the CRB and LAA basins however decreases for SRB and SJR-TLB mimicking 
responses in runoff. Greater increases in evaporation brought on by higher temperatures over the 
Northern and Western Sierra Nevada overpower increases in precipitation resulting in less soil 
moisture and runoff (Figure 22).  Net positive changes in soil moisture peaked for CRB and 
LAA from January through April reflecting greater precipitation amounts during winter storm 
events. Contrarily, soil moisture decreases for SRB and SJR-TLB are from June to November 
indicating warmer summer and fall temperatures drying out soils at a faster rate (Figure 23). 
Previously discussed monthly temperature differences are the driving mechanism behind the 
different monthly soil moisture responses across all basins. The SRB and SJR-TLB exhibit 
higher monthly average temperature changes ranging from 1-2°C. Even during the winter 
months, temperatures increase by 1°C. Warmer winter and spring temperatures can cause early 
A
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vegetation growth as experienced in Europe during the 2003 heat wave (Fischer, 2007). Coupled 
with evaporation exceeding precipitation changes, soils in the SRB and SJR-TLB dry up more 
extensively during the summer months. For the CRB and LAA regions, winter temperatures 
increase by just 0.5°C which can explain the lack of a strong response to soil moisture drying 
during the summer months. 
  
Figure 22: Change in soil moisture content (mm) on a monthly basis from baseline to RCP 8.5 for each study 
area.  
  
Figure 23: Change in precipitation minus evaporation (mm) from baseline to RCP 8.5. Basins with water 
content above zero indicate greater soil moisture content and runoff under RCP 8.5. Basins with the majority 
of water content below zero indicate lower soil moisture amounts and less runoff.  
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3.1.5  Snow  Water  Equivalent  
 Average April 1st SWE drastically decreases in RCP 8.5. Lower mountain elevations, 
which project upwards of 100% SWE loss, are more susceptible to snow loss as historical 
average temperatures rise closer to above freezing. Higher elevations with cooler daily 
temperatures are less susceptible to snowpack changes brought on by rising temperatures (Figure 
24). Average daily SWEs for February, March and April are calculated for each basin. For all 
months the frequency of experiencing lower than baseline SWE values increases substantially. 
Average daily April SWE decreases by -31.3% for the CRB, - 25.7% LAA, - 48.3% SRB, and -
34.0% SJR-TLB. February and March resulted in similar percent losses (Figure 25). Declining 
WUS SWE can be attributed to increasing temperatures, and is exacerbated as albedo decreases 
further warming surface temperatures. Compared to previous studies, the latest projections 
predict a higher magnitude of temperature impacts on SWE.   
 The severe snowpack losses projected for 2050 pose a significant risk to water supply 
availability for the WUS. The current infrastructure lacks adequate storage to capture all 
precipitation in the form of runoff earlier in the year and store it for extended periods of time. 
Currently the only solution for flood control purposes is to release water out of the reservoirs at 
times when demand is low. Therefore, despite minimal changes in runoff, the region could be 
left in shortage conditions. The entire region could see a shift of reliance on snowmelt to rainfall 
driven runoff. Additional surface water and groundwater storage would be necessary to minimize 
loss of excess winter runoff. Supplementary multi-year storage would also make the WUS more 
resilient against the higher frequencies of extreme wet and dry years. In March 2011, DWR 
opened Lake Oroville dam’s spillway to alleviate concerns of flooding, releasing millions of 
gallons of water. Later that year California entered the worst drought in recorded history for the 
state. Now in 2015, four years into the drought, it is difficult to fathom millions of gallons of 
water being released due to lack of storage.    
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Figure 24: Percent change in April 1st SWE from baseline to RCP 8.5.  
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Figure 25: Gamma fit distributions of average monthly SWE (mm) for the months of February and March 
(baseline n=400; RCP 8.5 n=400). 
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4.0  Demand  and  Local  Sources  
Climate change impacts would not be limited to imported supply basins. Approximately 
50% of water supplies to Southern California are local sources including conservation, minimal 
stormwater capture, groundwater and recycled water. The following section evaluates not only 
the hydrological impacts on these local sources, but also how demand is expected to change and 
the limitations of current planning and policies in regards to water supply reliability. 
4.1.1  Demand  and  Conservation  
   Average annual total demand for MWD’s service area from 2000-2010 was 3.8 MAF. 
Local supplies accounted for 40% of supply while the remaining 60% originated from the LAA, 
Colorado River Aqueduct and the SWP. MWD service area population is interpolated to be 18.9 
million people for 2010. That equates to roughly 180 gallons per capita per day (GPCD) demand 
for the region. GPCD highly varies by city and is driven by numerous factors including income, 
average residential landscape size, and absence or presence of commercial and industrial 
customers. Populations are expected to rise in 2015 to 19.9 million and steadily increase by an 
average of 0.06% annually. Regional growth forecasts estimate 22.5 million people in the region 
by 2035.Assuming the rate of population increase remains the same out to 2050, population is 
extrapolated to be 24.6 million. If no further conservation efforts are made and GPCD remains 
the same, total demand will grow by 23% to nearly 5.0 MAF annually.  
 In 2009 the California Senate passed SB X7-7, which set water conservation targets 
across the state. Urban water users are required to reduce GPCD by 10% by the end of 2015 and 
20% by 2020. The baseline GPCD must be a continuous ten-year average of an agencies water 
usage ending between 2004 and 2010. SB X7-7 provides four different methods to be considered 
in compliance and only one truly requires a 20% reduction. Water agencies ultimately get to 
choose any of the four methods and certain loopholes in the law result in some agencies only 
being required to reduce as little as 8% GPCD. Therefore, assuming a 20% reduction by 2020 in 
MWD service area GPCD is optimistic, however it is a more plausible goal for 2050. If 2000-
2010 baseline 203 GPCD is reduced by 20% to 144 GPCD by 2050, overall demand would still 
increase by 4% to 4.0 MAF. Rather than focusing on GPCD reductions, agencies should aim for 
a net zero change in water demand despite increasing populations.  
 In response to entering a third year of drought in 2014, California Governor Jerry Brown 
requested for a 20% voluntary reduction in water usage statewide. Agencies were asked to 
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calculate a baseline GPCD based on 2011-2013 water consumption. In May 2014, the South 
Coast hydrologic region actually increased usage by 8% although the majority of other areas in 
the state did reduce water usage. Drought conditions intensified over the winter of 2015 as 
snowpack reached historic lows. On April 1st, 2015 Governor Brown released an Executive 
Order stating water agencies must reduce water usage by 25% starting in June 2015. The State 
Water Resources Control Board was given the power of implementation. Agencies are required 
to use a baseline of 2014 but the exact percent reduction required to be in compliance depends on 
2014 GPCD. The SWRCB developed a system of tiers so agencies with lower baseline GPCD’s 
are rewarded by only needing to conserve 6-16% while agencies with exorbitantly high GPCD’s 
are required to reduce usage upwards of 35%. Failure to meet the tier targets could result in fines 
of $10,000 per day for the water agency. This aggressive conservation goal could push the 
Southern California region to exceed the 20% by 2020 goal and increase the likelihood of 
achieving a net zero water demand change. 
 The above estimates for increases in GPCD out to 2050 assume that Southern California 
will experience no climatic changes that may influence demand. Grass lawns with high watering 
needs are a staple of residential landscaping despite residents being located in a water scarce 
semi-arid region. Higher temperatures and increasing evaporation will increase watering needs of 
all landscapes. In the South Coast hydrological region, 59.1% of residential lots are small single-
family houses with an average yard size of 7,623 square feet (SF) and irrigated area of nearly 
2,670 SF. (Hanak and Davis, 2006). Assuming the irrigated area is entirely composed of cool-
season turf grass water demands for residential outdoor irrigation are 49.8 inches/year. Under 
RCP 8.5 scenarios, temperatures increase by 1.4 °C over the South Coast. Average precipitation 
for the region increased by 1.4 inches and evaporation by 0.5 inch. When accounting for 
evaporation, baseline precipitation can naturally account for 4.1 inches/year for outdoor 
irrigation. The remaining 45.7 inches needed would come from potable or recycled water 
supplies. RCP 8.5’s increase in evaporation is not as great as increases in precipitation. As a 
result 5.0 inches of precipitation can be used to offset irrigation system needs. Watering needs of 
individual grass lawns would decrease slightly under RCP 8.5. However, with more development 
and increasing populations, we expect an increase in overall landscape irrigation needs for 
Southern California.   
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 This study’s primary focus was on water supply and demand impacts in Southern 
California however; the agriculture industry consumes a much higher fraction of water than the 
urban sector. Approximately 50% of California’s water goes to environmental users. Of the 
remaining 50% used by people, 40% goes to agriculture and just 10% for urban users. Therefore, 
agriculture consumes 80% of water in California that goes towards human use (Mount, Freeman, 
Lund 2014). The Pacific Institute and Natural Resources Defense Council estimates that 
California can save 5.6-6.6 MAF of water annually through increased efficiencies in agriculture. 
Proposals for greater efficiency include installation of drip irrigation systems and better irrigation 
scheduling (PI and NRDC, 2014).  
4.1.2  Stormwater  Capture  
   While the forty-year average precipitation increases, Southern California is less likely to 
experience years of average precipitation. Instead, precipitation occurs at a higher frequency of 
extremely below or above average (Figure 25). In addition to offsetting irrigation demands 
during wet periods, the increased precipitation can be captured and stored for future use. 
  
       
 
 
Figure 26: Comparison of the frequency and distribution of precipitation (MAF) for the South Coast 
hydrologic region (baseline n=400; RCP 8.5 n=400). 
4.1.3  Groundwater  
   As imported water reliability declines many Southern California water agencies will turn 
to groundwater. Groundwater is largely viewed as a local source, however recharge is necessary 
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to prevent over pumping. While recharge can consist of recycled and captured storm water, a 
large portion originates from imported sources. From MWD’s 2015 Water Shortage Allocation 
Plan (WSAP) the 10-year historical average groundwater replenishment from MWD to its 
member agencies was 0.15 MAF. Many Southern California water agencies have argued whether 
or not purchases of imported water for groundwater recharge should be given equal priority 
during drought conditions. Under extreme drought conditions it is plausible that utilizing 
imported supplies for groundwater recharge could completely halt. Until recharge requirements 
can be fulfilled entirely by recycled or captured stormwater runoff, groundwater should not be 
viewed as a local reliable source of supply under climate change scenarios. Regardless, agencies 
like LADWP are investing in groundwater basin remediation. California’s Proposition 1 awarded 
$800 million to go towards groundwater clean up for the San Fernando Valley in hopes of 
counterbalancing imported reliance.   
4.1.4  Recycled  Water  
 According to MWD’s 2010 Integrated Regional Urban Water Management Plan, existing 
recycled water projects generated 0.34 MAF of water supply for MWD’s member agencies. 
Common uses for recycled water in the region include groundwater replenishment and landscape 
irrigation. Irrigation demands alone compromise nearly 40% of all recycled water consumption. 
Several cities including Burbank and Glendale also utilize recycled water for condenser cooling 
in power plants. Cooling towers are occasionally supplied by recycled water. Due to negative 
public perception very little direct reuse is employed in the region. Evapotranspiration is 
expected to rise, driven by higher temperatures causing landscape irrigation demands to increase. 
Warmer temperatures will also increase the water needed by cooling towers to effectively lower 
indoor temperatures. As a result demand for recycled water will increase, leaving less water 
available for direct reuse, indirect reuse and groundwater recharge.  
 In July 2014, the SWRCB announced mandatory water conservation regulations in 
response to the ongoing drought. Restrictions included: 
• The application of potable water to any driveway or sidewalk. 
• Using potable water to irrigate outdoor landscapes in a manner that causes runoff. 
• Using potable water in a fountain or decorative water feature unless the water is 
recirculated. 
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The prohibitions enacted solely address uses of potable water. It is clear that when the SWRCB 
and many other agencies discuss conservation, their primary motivation is conservation of 
potable supplies. Recycled water should not be exempt from such prohibitions as any waste of 
water, be it recycled or potable, is just that, a waste. An additional 0.46 MAF of recycled water 
projects were in advanced planning stages or conceptual as of the 2010 MWD RUWMP. 
Southern California could potentially see recycled water supplies double by 2035 however many 
of the plans remain intangible due to high costs. Installing isolated reclaimed water pipelines in 
an extensively urbanized city like Los Angeles drives construction expenses upwards to a point 
where expanding recycled water efforts is not a cost effective option for an agency. As is the 
case across the majority of Southern California, water managers choose to continue to purchase 
cheaper imported supplies of water. 
5.0  Conclusions  
 Imported water accounts for nearly 60% of all water supply to Southern California. These 
imported water sources are snowmelt driven and thus highly sensitive to changes in temperature 
and precipitation. The increase of GHG concentrations into the mid 21st century drives increases 
to global average temperatures. WUS temperatures are expected to rise by 1-2°C. Projected 
precipitation changes were more variable amongst models and basins but overall precipitation 
increased slightly. Warmer temperatures induce higher rates of evaporation for the majority of 
the study area. For the northern Sierra Nevada, increases in evaporation surpasses precipitation 
resulting in a net loss of runoff and decreases in soil moisture. Adversely, precipitation exceeds 
evaporation for the CRB and Southern Sierra Nevada producing a net gain of runoff and 
increases in soil moisture. Annual changes in runoff were minimal but each basin exhibited 
increases in interannual variability indicating a greater likelihood of extreme wet and dry 
precipitation events. Warmer temperatures also drove significant decreases in SWE. Lack of 
snowpack decreases albedo further warming the WUS. Earlier peaks of SWE causes runoff 
center of mass to occur 9 to 14 days earlier in the year.  
 Despite potential increases in precipitation and runoff for certain basins, Southern 
California is still likely to see decreased imported water supplies as a result of climate change 
driving drastic reductions in SWE coupled with a lack of sufficient multi-year storage and 
increasing populations. Impacts of climate change are not exclusively related to imported 
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supplies. Groundwater supplies, which many water agencies consider to be local, may also 
decrease if any portion of recharge is reliant on imported sources. Water agencies heavily reliant 
on groundwater and imported supplies must work proactively to expand their water supply 
portfolio. Public perception and cost have prevented recycled water systems from expanding. 
Water managers need to look beyond today’s price for imported water when completing any 
cost-benefit analysis. Efforts to decrease GPCD may be eclipsed by rising populations. More 
strict conservation goals should be established for all of California that control not just GPCD, 
but overall quantity of water consumed. Water agencies must take advantage of years with 
increased local precipitation by investing in stormwater capture and storage. As indicated by 
their UWMPs, many Southern California water agencies view climate change as an issue that the 
state or MWD must handle. While it is appropriate to look to both entities for guidance, water 
managers are running out of time to prepare for climate change. We hope the latest insights on 
near future hydrological impacts from this study informs water agencies to begin to appropriately 
address climate change on a local level.  
6.0  Future  Recommendations  
   One possible enhancement to this study in the future could involve routing runoff to 
obtain streamflow. Currently, the highest resolution for VIC streamflow routing is 1/16th degree. 
This study utilized a 1/24th degree dataset, and we did not want to compromise the heightened 
accuracy of the resolution for routing. Employing a water management model like Water 
Evaluation and Planning (WEAP) would be valuable to quantify impacts of supply loss from 
shifts in runoff timing and increasing rainfall. WEAP or a similar model could also provide 
better insight of the climate change impacts on long-term storage along the WUS. In all climate 
studies, the more models used the more robust the results. While this study utilized ten, 
analyzing additional GCMs would be valuable to compare responses. A more in depth separate 
analysis should be completed using this dataset to evaluate impacts on agricultural demands as 
well as water quality in each basin. 
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Appendixes  
 
Appendix  A  
Summary of precipitation, evaporation, runoff, runoff ration and temperature changes for 
each basin and each model. Red cells indicate increases from baseline averages, while blue 
indicated decreases. 
 
CRB  
 
Model 
Precipitat
ion 
(mm/yr) 
Evap 
(mm/yr) 
Q     
(mm/yr) 
Runoff 
Ratio T (deg C) 
Baseline 
(1966-
2005) 
ACCESS 348.29 308.57 39.50 11.3% 12.61 
BCC-CSM 348.31 310.41 37.46 10.8% 12.61 
CCSM4 348.32 308.01 37.57 10.8% 12.61 
CMCC-CM 348.31 308.08 38.64 11.1% 12.61 
FGOALS 348.36 309.43 36.21 10.4% 12.61 
IPSL-CM5A-LR 348.22 309.28 38.02 10.9% 12.61 
MIROC5 348.35 306.08 39.62 11.4% 12.61 
MPI-ESM-MR 348.34 309.38 36.96 10.6% 12.61 
MRI-CGCM3 348.33 310.51 36.13 10.4% 12.61 
NorESM1-M 348.28 310.66 37.25 10.7% 12.61 
 Avg 348.31 309.04 37.74 11.0% 12.61 
 
      RCP 8.5 
(2011-
2050) 
ACCESS 340.47 298.65 40.43 11.9% 14.17 
BCC-CSM 361.00 323.84 36.10 10.0% 14.05 
CCSM4 348.42 304.18 41.49 11.9% 13.96 
CMCC-CM 329.37 292.53 36.30 11.0% 14.11 
FGOALS 421.33 365.64 53.11 12.6% 13.90 
IPSL-CM5A-LR 349.77 306.27 41.48 11.9% 13.21 
MIROC5 353.12 313.17 40.64 11.5% 14.12 
MPI-ESM-MR 377.13 328.69 46.82 12.4% 13.56 
MRI-CGCM3 361.54 322.64 32.48 9.0% 13.38 
NorESM1-M 341.03 301.35 37.70 11.1% 14.05 
 Avg 358.32 315.70 40.66 11.3% 13.85 
 
        %Change 2.87% 2.15% 7.74% 3.31% 9.88% 
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LAA 
 
Model 
Precipitat
ion 
(mm/yr) 
Evap 
(mm/yr) 
Q     
(mm/yr) 
Runoff 
Ratio T (deg C) 
Baseline 
(1966-
2005) 
ACCESS 320.17 206.03 110.41 34.5% 9.78 
BCC-CSM 320.28 201.90 115.54 36.1% 9.78 
CCSM4 320.19 201.35 114.19 35.7% 9.78 
CMCC-CM 320.19 200.96 115.67 36.1% 9.78 
FGOALS 320.25 203.12 114.05 35.6% 9.78 
IPSL-CM5A-LR 320.17 197.14 120.52 37.6% 9.78 
MIROC5 320.25 196.64 117.80 36.8% 9.78 
MPI-ESM-MR 320.01 202.20 114.60 35.8% 9.78 
MRI-CGCM3 320.29 206.68 108.83 34.0% 9.78 
NorESM1-M 320.10 198.33 121.84 38.1% 9.78 
 Avg 320.19 201.44 115.35 35.4% 9.78 
 
      RCP 8.5 
(2011-
2050) 
ACCESS 314.51 193.10 117.54 37.4% 11.22 
BCC-CSM 331.14 201.24 126.99 38.4% 11.19 
CCSM4 308.43 193.40 112.40 36.4% 11.20 
CMCC-CM 303.78 188.72 112.96 37.2% 11.31 
FGOALS 356.41 210.91 140.22 39.3% 10.94 
IPSL-CM5A-LR 330.81 193.59 133.55 40.4% 11.26 
MIROC5 311.31 194.10 116.24 37.3% 11.29 
MPI-ESM-MR 373.80 214.15 156.35 41.8% 10.64 
MRI-CGCM3 348.41 212.95 115.59 33.2% 10.45 
NorESM1-M 301.17 188.71 108.73 36.1% 11.19 
 Avg 327.98 199.09 124.06 37.8% 11.07 
 
        %Change 2.43% -1.17% 7.55% 6.62% 13.12% 
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SRB 
 
 
Model 
Precipitat
ion 
(mm/yr) 
Evap 
(mm/yr) 
Q     
(mm/yr) 
Runoff 
Ratio T (deg C) 
Baseline 
(1966-
2005) 
ACCESS 959.71 586.60 361.00 37.6% 12.41 
BCC-CSM 959.22 605.69 354.09 36.9% 12.41 
CCSM4 959.54 594.09 356.85 37.2% 12.41 
CMCC-CM 959.34 591.41 356.04 37.1% 12.41 
FGOALS 959.57 610.14 341.87 35.6% 12.41 
IPSL-CM5A-LR 959.50 591.35 364.86 38.0% 12.41 
MIROC5 959.39 594.32 361.91 37.7% 12.41 
MPI-ESM-MR 959.00 599.14 350.83 36.6% 12.41 
MRI-CGCM3 959.85 609.93 339.32 35.4% 12.41 
NorESM1-M 959.35 590.53 367.07 38.3% 12.41 
 Avg 959.45 597.32 355.38 37.2% 12.41 
 
      RCP 8.5 
(2011-
2050) 
ACCESS 1035.60 616.49 412.46 39.8% 13.82 
BCC-CSM 918.98 604.93 303.31 33.0% 14.15 
CCSM4 1008.10 620.14 377.30 37.4% 13.94 
CMCC-CM 981.78 612.87 357.41 36.4% 13.73 
FGOALS 985.51 634.84 337.13 34.2% 13.89 
IPSL-CM5A-LR 870.41 581.88 277.50 31.9% 13.99 
MIROC5 935.39 603.59 322.69 34.5% 14.04 
MPI-ESM-MR 1062.50 632.56 423.76 39.9% 13.45 
MRI-CGCM3 999.85 622.23 206.34 20.6% 13.21 
NorESM1-M 929.01 593.60 323.19 34.8% 13.78 
 Avg 972.71 612.31 334.11 34.3% 13.80 
 
        %Change 1.38% 2.51% -5.99% -8.01% 11.20% 
 
        
   58  
SJR-TLB 
 
Model 
Precipitat
ion 
(mm/yr) 
Evap 
(mm/yr) 
Q     
(mm/yr) 
Runoff 
Ratio T (deg C) 
Baseline 
(1966-
2005) 
ACCESS 548.96 373.43 174.25 31.7% 14.09 
BCC-CSM 549.09 382.54 167.50 30.5% 14.09 
CCSM4 549.11 377.05 169.25 30.8% 14.09 
CMCC-CM 549.04 377.32 167.38 30.5% 14.09 
FGOALS 549.00 381.03 164.65 30.0% 14.09 
IPSL-CM5A-LR 548.98 372.23 177.25 32.3% 14.09 
MIROC5 548.78 375.11 172.66 31.5% 14.09 
MPI-ESM-MR 548.58 379.58 167.90 30.6% 14.09 
MRI-CGCM3 548.95 382.53 161.06 29.3% 14.09 
NorESM1-M 548.68 375.23 176.26 32.1% 14.09 
 Avg 548.92 377.61 169.82 31.0% 14.09 
 
      RCP 8.5 
(2011-
2050) 
ACCESS 570.79 390.59 177.75 31.1% 15.54 
BCC-CSM 506.18 375.07 129.44 25.6% 15.70 
CCSM4 566.87 388.16 174.13 30.7% 15.61 
CMCC-CM 542.02 384.14 155.73 28.7% 15.52 
FGOALS 582.87 403.92 174.98 30.0% 15.51 
IPSL-CM5A-LR 539.84 376.16 161.72 30.0% 15.59 
MIROC5 510.14 374.24 135.36 26.5% 15.73 
MPI-ESM-MR 633.48 408.42 222.21 35.1% 15.06 
MRI-CGCM3 587.49 400.34 137.95 23.5% 14.85 
NorESM1-M 517.95 366.72 144.31 27.9% 15.52 
 Avg 555.76 386.78 161.36 28.9% 15.46 
 
        %Change 1.25% 2.43% -4.98% -6.81% 9.74% 
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South Coast 
 
Model 
Precipitat
ion 
(mm/yr) 
Evap 
(mm/yr) 
Q     
(mm/yr) 
Runoff 
Ratio T (deg C) 
Baseline 
(1966-
2005) 
ACCESS 479.27 371.09 103.80 21.7% 15.99 
BCC-CSM 479.61 379.36 97.58 20.3% 15.99 
CCSM4 479.29 373.19 95.94 20.0% 15.99 
CMCC-CM 479.34 379.13 90.51 18.9% 15.99 
FGOALS 479.39 380.19 92.44 19.3% 15.99 
IPSL-CM5A-LR 478.77 371.76 100.65 21.0% 15.99 
MIROC5 479.55 370.05 101.61 21.2% 15.99 
MPI-ESM-MR 479.26 378.52 96.85 20.2% 15.99 
MRI-CGCM3 479.67 376.41 94.15 19.6% 15.99 
NorESM1-M 479.30 378.55 96.79 20.2% 15.99 
 Avg 479.35 375.83 97.03 20.7% 15.99 
 
      RCP 8.5 
(2011-
2050) 
ACCESS 513.54 385.99 120.36 23.4% 17.62 
BCC-CSM 480.58 373.18 103.74 21.6% 17.40 
CCSM4 475.48 366.15 102.68 21.6% 17.49 
CMCC-CM 436.23 346.65 80.90 18.5% 17.56 
FGOALS 631.75 460.78 161.36 25.5% 17.28 
IPSL-CM5A-LR 585.43 413.95 165.12 28.2% 17.46 
MIROC5 455.03 358.57 93.47 20.5% 17.58 
MPI-ESM-MR 608.57 433.06 169.23 27.8% 16.94 
MRI-CGCM3 538.95 411.80 60.35 11.2% 16.68 
NorESM1-M 420.40 331.98 79.73 19.0% 17.49 
 Avg 514.60 388.21 113.69 21.7% 17.35 
 
        %Change 7.35% 3.30% 17.17% 5.17% 8.52% 
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Appendix  B  
Average daily water balances for each basin. Dotted line represent RCP 8.5 scenarios and 
solid represent baseline. 
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SRB 
 
SJR-TLB 
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